Dominant keratin mutations cause Epidermolysis Bullosa simplex by transforming keratin (K) filaments into aggregates. As a first step towards understanding the properties of mutant keratins in vivo, we stably transfected epithelial cells with an EYFP-tagged K14R 125 C mutant.
Introduction
Intermediate filaments (IF), in concert with microtubules (MT) and microfilaments (MF), play important roles in the organization and mechanical integrity of cells (Fuchs and Cleveland, 1998) . Mutations in genes coding for K5 and K14 cause the human skin disorder Epidermolysis Bullosa Simplex (EBS) (Irvine and McLean, 1999) . In the majority of patients, the severe Dowling Meara disease variant results from a conserved mutation in the coil 1A 3 region of the K14 rod domain at codon 125, leading to an exchange of R to C or H. This causes a collapse of keratin filaments and the fragility of basal keratinocytes. The phenotypic consequences of K5 and K14 mutations comprise blistering of the skin upon mild trauma and substantial abnormalities in keratin assembly in humans and in mouse models (for review see Coulombe and Omary, 2002) becoming evident by the formation of electron-dense keratin aggregates in tissues (Anton-Lamprecht and Schnyder, 1982) and in patient-derived primary keratinocytes (Kitajima et al., 1989; Coulombe et al., 1991a) . However, the underlying molecular mechanisms are still poorly understood. The formation of apparently stable protein inclusions has been considered as gain of toxic function, being more severe than the loss of the filaments. This has been accorded to the dominant-negative effect of EBS hot spot mutations, which are considered to exacerbate the fragility of the cytoskeleton because of the existence of fatal, insoluble debris in the cells (Fuchs and Cleveland, 1998) . In fact, aggregates caused by EBS hot-spot mutations differ from particles observed during the process of mitosis (Windoffer and Leube, 2001 ) with respect to their localization in the cellcell periphery versus whole cytoplasm -, and their origin -mutation-specific rupture of the cytoskeleton versus regulated phosphorylation events during the cell cycle. Therefore, the treatment of EBS presents a major challenge and may have to revert the formation of aggregates.
The assembly of apolar IF in cells, in contrast to the directional assembly of MF and MT (Rosenbaum, 2000; Amann and Pollard, 2001; Small et al., 2002) , is not understood. While in vitro assembly of IF proceeds without accessory proteins (Quinlan et al., 1985; Herrmann et al., 2002) , recent evidence supports the notion that in vivo, motor proteins, plakin family proteins, energy, and posttranslational modifications may play a significant role in the formation, maintenance, and organization of IF cytoskeletons (Chou et al., 2001; Leung et al., 2002) . The initiation of filament assembly has been suggested to occur close to the plasma membrane (Martys et al., 1999; Leube, 1999, 2001) . Although keratins are 4 highly insoluble (Soellner et al., 1985; Chou et al., 1993; Bachant and Klymkowsky, 1996) and have been assumed to form very stable structures, recent studies, using green fluorescent protein (GFP)-tagged IF revealed that IF are remarkably dynamic with respect to their assembly properties and organization (Chou et al., 2001) . Active transport processes were reported: GFP-vimentin particles in transiently transfected migrating or spreading cells moved outward from the cell center or displayed bi-directional tracks relying on MT-based motor proteins (Gyoeva and Gelfand, 1991; Ho et al., 1998; Prahlad et al., 1998; Yoon et al., 1998; Kreitzer et al., 1999; Helfand et al., 2002) . The limited number of studies on the motile properties of keratin particles have revealed that keratins behave different from vimentin and emphasized that GFP-keratin granules moved from the cell periphery inwards Leube, 1999, 2001; Yoon et al., 2001) . The motility of those wt keratin precursors was dependent on MT. Whether transport of IF subunits involves a direct interaction with motor or adaptor proteins is not yet known.
As all studies on IF motility have focused on wt IF, we have set out to analyze the assembly and dynamic properties of an EYFP-tagged K14R 125 C mutant in living cells because of the obvious keratin organization defects in EBS patients. Stably transfected human HaCaT keratinocytes, MCF-7 breast carcinoma, and colon carcinoma HCT116 cells, all displayed indistinguishable phenotypes despite their different endogenous keratin composition. Using live cell fluorescence imaging, we investigated for the first time the formation of disease-type keratin aggregates in cultured cells under steady state conditions. MF-and MTdepolymerizing drugs were applied to study transport processes of keratin filament precursors in living cells. Via transfection of a K14R 125 C-specific siRNA we adressed possible new avenues for the therapy of EBS.
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Materials and Methods
DNA cloning
To generate expression constructs for wt and mut K14 fusion proteins tagged with EYFP, a human K14 cDNA (kindly provided by H. Herrmann, German Cancer Research Center, Heidelberg) was amplified with primers (5´-GAATTCGATGACTACCTGCAGCCGC-3´) and (5´-GGATCCTCAGTTCTTGGTGCGAAGG-3´) adding flanking EcoR1 and BamH1 sites, respectively, and cloned into the EcoR1/BamH1 restricted pEYFP-C1 vector (Clontech Laboratories, Palo Alto, CA). The K14R 125 C mutation was created using the Quick-Change Site-Directed Mutagenesis kit (Stratagene, Amsterdam, Netherlands) and the following forward and reverse primers: (5´-GAACCTCAATGACTGCCTGGCCTCCTAC-3´) and 5´-GTAGGAGGCCAGGCAGTCATTGAGGTTC-3´) and was verified by sequence analysis.
The immediate early promoter of cytomegalovirus drove expression of wt or mut K14 fused to EYFP at its amino terminus, and a neomycin-resistance cassette was present for selection.
Constructs used for K8 and K18 expression were hCK8-LK440 and hCK18-LK440 (Bader et al., 1991) .
Cell culture and transfection procedures
Human HaCaT keratinocytes (kindly provided by P. Boukamp, German Cancer Research Center, Heidelberg), human HCT116 cell (ATCC no. CCL-247), human MCF-7 cells, and human 3T3-L1 preadipocytes (both kindly provided by W. Franke, German Cancer Research Center) were passaged in DMEM supplemented with 10 % fetal calf serum (both Invitrogen GmbH, Karlsruhe, Germany). Purified plasmid DNA was transfected into cells using a modified calcium phosphate precipitation method (Leube et al., 1989) . Transiently transfected cells were analyzed 24, 48, and 72 hours after transfection, stably transfected cells were selected upon addition of 600 µg/ml geneticin (Invitrogen). Individual colonies were isolated 6 by cloning rings and subcloned for subsequent analyses. During inhibitor studies, cells were cultivated either with 20-40 µM nocodazole, 10 µM latrunculin B, or 200 µM cytochalasin D.
Immunofluorescence and electron microscopy
Electron (Reichelt et al., 2001 ) and indirect immunofluorescence microscopy (Windoffer and Leube, 1999) were performed as described before. For F-actin staining, cells were fixed with 3.7 % PFA/PBS (Sigma) for 10 minutes at room temperature, extracted with 0.1 % saponine (Calbiochem) and incubated with Alexa 594A-conjugated phalloidin (Molecular Probes Europe BV, Leiden, The Netherlands). Coverslips were examined with a fluorescence photomicroscope (Axiophot 2E, Carl Zeiss, Jena, Germany) at room temperature, equipped with Zeiss Plan-Neofluar 63x / 1.25 and 40x / 1.30 oil immersion objectives and recorded with a digital camera (Axiocam color, Zeiss). Image analysis and image processing were performed using the Zeiss Axiovision 2.05 and Adobe Photoshop 6.0 software.
Western Blotting (CF/SF)
Total protein extracts (T) were prepared as described (Reichelt et al., 1999) and subjected to SDS-PAGE. IF-enriched cytoskeletal extracts were prepared by cytolysis of confluent cell cultures with ice-cold low-salt buffer (10 mM Tris-HCl, pH. 7.6, 140 mM NaCl, 5 mM EDTA, 5 mM EGTA, 0.5 % Triton X-100, 2 mM PMSF), a subsequent centrifugation step to separate the soluble cytoskeletal fraction (S) from the insoluble cytoskeletal fraction (C) which was then resuspended in ice-cold high-salt buffer (10 mM Tris-HCl, pH. 7.6, 140 mM NaCl, 1.5 M KCl, 5 mM EDTA, 5 mM EGTA, 1 % Triton X-100, 2 mM PMSF), homogenized, pelleted by centrifugation and treated like total protein extracts.
Antibodies
The following primary antibodies were used: JL-8 against EYFP (Clontech), AF 138 against K5 (BABCO, Richmond, USA), α-K14 and CK14.2 (kindly provided by M. Blessing and L.
Langbein, University of Mainz, German Cancer Research Center, respectively), Ks 8.07 and Ks 18.04 against K8 and K18, respectively, (Progen, Heidelberg, Germany), CK.5 against K18 (Sigma), TROMA-3 and LP2K against K19 (kindly provided by R. Kemler, MPI, Freiburg, Germany and F.C. Ramaekers, University Hospital Nijmegen, The Netherlands, respectively), DP2.15 against desmoplakin (Progen), mAb-121 against plectin (kindly provided by K. Owaribe, Nagoya University, Japan), α-vinculin (Sigma), α-tubulin (Sigma).
Secondary antibodies were Cy3-conjugated and horseradish peroxidase-coupled goat α-rabbit, α-mouse, α-guinea pig, and α-rat sera (Dianova, Hamburg, Germany).
Time-lapse fluorescence microscopy and visualizations
Live cell microscopy was performed as described before (Windoffer and Leube, 2001 
Osmotic shock
This stress assay was performed as previously described (D´Alessandro et al., 2002) .
RNAi
RNAi was performed as previously described (Harborth et al., 2001; Elbashir et al., 2001 (Kitajima et al., 1989; Coulombe et al., 1991 a, b; Letai et al., 1993) : keratin aggregates segregated to a distinct site towards the cell periphery, while densely packed keratin bundles were oriented in a perinuclear fashion (Fig. 1 B-G) , a phenotype never observed in cells transfected with wt K14 (Fig. 1 A) . The amounts of exogenously expressed wt and mut EYFP-K14 fusion 9 proteins were similar. Thus, keratin aggregates in mut cells do not represent artifacts of overexpression or result from the EYFP-tag. Moreover, mut cells proceeded normally through all mitotic stages revealing typical M-phase specific aggregates indistinguishable from those of wt cells (Windoffer and Leube, 2001 ). In the course of cytokinesis, they reformed to EBSaggregates (our unpublished results). Immunofluorescence analysis using antibodies to the endogenous keratins K5, K14 (HaCaT), K8, K18 and K19 (MCF-7 and HCT116) revealed an overlapping pattern of transfected and endogenous keratins: aggregates and filaments not only contained the mut protein but also all endogenous keratins. We noted that some aggregates contained short EYFP-labelled filaments in their perimeter. These were further analyzed by transmission electron microscopy ( Fig. 1 H, I , arrows). These results confirmed the normal appearance of the mut perinuclear filaments at the ultrastructural level ( Fig. 1 F) , indicating that filament formation was not completely impaired in mut cells, and revealed the dense, granular appearance of the keratin aggregates near the cell periphery. Distinct keratin filaments were in close association with aggregates connecting them or even forming longer keratin tails. Thus, the mut protein induced aggregates accompanied by short filaments preferentially in the cell periphery in all three cell lines examined.
De novo keratin assembly in keratin-free cells reveals an assembly defect of the EBS hot spot mutation in vivo
As ultrastructural analysis pointed to incomplete filament formation in mut cells, we studied the de novo assembly of the mut type I with a wt type II partner in 3T3-L1 preadipocytes which express vimentin as sole IF protein.
In agreement with former studies (Bader et al., 1991) , wt keratins formed a normal cytoskeleton in transiently transfected 3T3-L1 cells (our unpublished results). Co-transfection of K8 with EYFP-K14R 125 C resulted in the formation of keratin aggregates distributed throughout the whole cytoplasm, but not in filaments ( 
Disease-type keratin aggregates are transient structures
Time-lapse recording of multiple Z-stacks revealed that newly formed small aggregates appeared near the cell periphery within 2 µm of the tip of the lamellipodium, increased in diameter on their journey inwards and dissolved (Fig. 4 A, E arrow, and movies 1 and 2).
Most significantly, and quite unexpected, they were not stable, but assembled and disassembled in a futile cycle with a half-life period of less than 15 minutes, as demonstrated by the time-space diagram (Fig. 4 C) . Imaging of 6 Z-stacks further revealed that the aggregates fused with each other and dissolved again. The majority of aggregates was formed at the cell periphery and accumulated in the zone defined before by immunofluorescence analysis (Fig. 1) , also documented by the superposition of all single intakes of the film (Fig. 4 B).
In contrast to aggregates in the cell periphery, only a few small granules were detected in the central cytoplasm. These moved without clear trajectory and independent from perinuclear keratin filaments. Interestingly, the mobility of the K14R 125 C-containing filaments was remarkably decreased in comparison to the cytoskeleton of control cells (Fig. 4 D , and movie 1). It is evident, that within approximately 100 minutes, mut filaments did not display the slight undulatory movements typical of wt keratin filaments (Windoffer and Leube, 1999) .
With respect to in vitro studies (Ma et al., 2001; Herrmann et al., 2002) , our findings support the concept that dominant keratin mutations alter the bundling properties, i.e. higher order structures of IF, but do not prevent their formation per se.
The average velocity of the uninterrupted uniform inward-flow of aggregates was 0.6 µm/min and, therefore, six-to ten-fold increased in comparison to former studies on wt keratins in 12 A431 and PtK2 epithelial cells (Windoffer and Leube, 1999; Yoon et al., 2001 ), but lower than the speed of MT-dependent zigzag movement of wt EGFP-K5 particles (Liovic et al., 2003) . The dynamics of the mut keratin aggregates coincided with the directionality and continuity of actin inward-flow in lamellipodial protrusions (Waterman-Storer and Salmon, 1997), as the aggregates did not seem to follow fixed trajectories along rigid filaments, like MT, and did not reveal the saltatory movements of a MT-dependent motor protein transport.
Besides, immunofluorescence and electron microscopy data revealed that only few MT extended to the outermost cell periphery, but that they were displaced by a prominent subcortical actin meshwork ( Fig. 6 C-E and 9 A). The movement of keratin aggregates was energy-dependent, as after ATP-depletion, their motility stopped immediately (our unpublished results).
The presence of short IF connecting some aggregates is in agreement with fluorescence and electron microscopy data (Fig. 1 H) . Live cell imaging revealed the transient nature of some filamentous bridges between moving aggregates and provided additional evidence for the assembly-deficiency of K14R 125 C and its permanent exchange with the soluble pool of keratin subunits (our unpublished results).
Thus, the analysis of a mut, EYFP-tagged keratin in live cells has uncovered two novel and unexpected features of disease-type keratin aggregates: first, they are not static but highly dynamic and transient structures in contrast to the remarkably increased rigidity of mut filaments, and second, they form close to the plasma membrane and move towards the cell center.
Relationship of the K14R 125 C mutant to desmosomes, actin and microtubule cytoskeletons
The cytoskeleton and its major membrane anchorage sites, ie. hemidesmosomes/desmosomes, adhaerens junctions and focal contacts are regarded as an intricate protein meshwork. (Fig. 5 B, arrows, C) .
In order to gain further insight into the molecular principles localizing keratin aggregates to a distinct region, the distribution of plectin, a candidate plakin mediating the interaction of IF with MF and MT, was studied. The distribution of plectin in keratinocytes (Andra et al., 2003) , detected by an antibody, which recognizes an epitope in the rod domain common to many splice variants of plectin (Okumura et al., 1999) , was unaltered by the presence of keratin aggregates (Fig. 5 D) .
Furthermore, double fluorescence studies were performed to study the distribution of EYFP-K14R 125 C in correlation to MT and MF. There was no evidence for a colocalization of keratin aggregates with MT, but, the aggregates seemed to be located in the space between the MT, although we cannot exclude a direct or indirect interaction with MT by immunofluorescence analysis (Fig. 6 C, D) . The analysis of the actin cytoskeleton revealed that keratin aggregates were separated from the cell periphery by a prominent subcortical ring of F-actin (Fig. 6 E, 8 A).
Thus, in contrast to vimentin particles, which have been detected in association with MT in the peripheral region of spreading cells (Prahlad et al., 1998) , or a subspecies of small keratin granules which were shown to be associated with MT (Liovic et al., 2003) , we observed no colocalization of keratin aggregates with MT or MF.
Actin-dependent inward-directed transport of keratin particles
To date, studies on IF motility in vivo have focused on the interaction between IF subunits and MT-dependent motor proteins like kinesin and dynein (Chou et al., 2001; Helfand et al., 2002) . To elucidate the molecular basis for the inward transport of mut keratins, we performed live cell imaging in cells treated with MT-, and MF-depolymerizing drugs.
Interestingly, the depolymerization of MT by nocodazole blocked neither the formation nor the rapid inward movement of keratin particles (Fig. 7 A, (Fig. 7 F) . Furthermore, the formation of small keratin particles close to the plasma membrane ceased immediately. Given the toxicity of a combined treatment of the cells with MT and MF depolymerizing drugs, the occurrence of unspecific side-effects prevailed us from drawing the firm conclusion that MT are responsible for the residual motility. However, granules in the cell center, comparable to the MT-dependent particles reported by Liovic and coworkers (2002) In untreated cells, aggregates increased in size with growing distance from the cell periphery (Fig. 8 A) . Upon prolonged presence of inhibitors, the zone containing keratin aggregates reversibly broadened from 5 to 40 µm, whereas the cell body collapsed (Fig. 8 A, B, F) . The fine, branched cell protrusions exclusively contained keratin aggregates, sometimes in close proximity to MT packed into thick bundles (Fig. 8 F, G) or in close association with residual filamentous actin (Fig. 8 B, arrows) . However, in the absence of intact MF, wt EYFP-K14 maintained its filamentous structure in spite of the altered cell morphology (Fig. 8 C, D) .
The recovery of cells from inhibitor treatment was accompanied by the reestablishment of the morphological and cytoskeletal reorganization in wt and mut cells within one hour as keratin aggregates relocated near the cell periphery and the formerly described gradient of aggregate size from the cell periphery towards the cell center was re-established ( Fig. 8 E, H, I ).
In conclusion, the assembly and the inward-directed transport of mut keratin aggregates from the cell periphery inwards were largely dependent on an intact actin cytoskeleton. The residual minimal movement of keratin aggregates in F-actin-depleted cells may be due to a MT-dependent mechanism.
Osmotic shock reveals the fragility of rigid filament bundles in mut epithelial cells
In order to elucidate whether the altered cytoskeletal dynamics in mut cells had an impact on the resilience of mut cells to stress, we performed a hypo-osmotic stress assay (D´Alessandro et al., 2002) . After incubation of cells in 150 mM urea, the keratin cytoskeleton of mut cells was susceptible to cell swelling, caused by the inward diffusion of the small permeant urea molecules followed by water. Wt cells displayed an increased bundling of keratin filaments, but showed hardly any cell deformation (Fig. 9 A) . In contrast, the cytoskeleton in mut cells was partially disrupted and was distributed as aggregates in the cytoplasm (Fig. 9 B) . This resulted in a stronger deformation of mut cells in comparison to wt cells. We assume, that cells expressing an EBS hot-spot mutation and displaying altered dynamics of the keratin cytoskeleton, are more susceptible to stress because of the rupture of mut filaments into aggregates, which are unable to maintain the normal cell morphology.
Mutation-specific small interfering RNAs revert mut keratin network morphology to the wt phenotype
Given that live cell imaging studies revealed the transient nature of keratin aggregates, we reasoned that genetic interference with small interfering RNAs (siRNAs) might represent an appropriate tool for the treatment of EBS patients. Therefore, we engineered a K14R 125 C-mut specific siRNA containing one single nucleotide mutation-specific mismatch and carried out transient RNA interference (RNAi) in wt and mut cells. Transfectants were analyzed 24, 48, 72, 96 , and 120 h post transfection. A maximum knockdown efficiency in up to 70 % of cells, depending on the siRNA, was obtained within the time frame of 72 -96 h. Wt EYFP-K14 fusion protein was suppressed by EYFP and K14 siRNAs, but not by the K14R 125 C siRNA which also had no knock-down effect on endogenous wt keratins (our unpublished results).
K14-and the mutant-specific siRNAs suppressed the expression of the K14R 125 C protein completely, as judged by fluorescence microscopy (Fig. 10) .
The observation that cells treated with K14R 125 C siRNA were devoid of aggregates demonstrated that their formation was dependent on the ratio of wt to mut protein. With respect to a potential therapy, it was important to know, whether depletion of K14R 125 C by the specific siRNA regenerated a normal, aggregate-free keratin cytoskeleton. Thus, after transfection of siRNAs, we performed immunofluorescence with antibodies to endogenous keratins. In cells transfected with K14R 125 C siRNA, the endogenous keratin cytoskeleton was indistinguishable from that of untreated wt cells (Fig.10 D, Fig. 1 A) . They were connected to untransfected mut cells by desmosomes, again confirming the functional integrity of desmosomes in the presence of aggregates (Fig. 10 D, arrows) .
Discussion
Research on keratins and IF in general has been guided by two dogmatic views, the first assuming that they represent stable, static structures and the second that their polymers, i.e.
the IF cytoskeleton, results from a self-assembly process without need for accessory factors (Fuchs and Weber, 1994) . At first glance, tissue fragility syndromes like EBS and in vitro assembly data support the above notion (Herrmann et al., 2003) . Recent live cell imaging studies based on GFP-tagged IF proteins, are indicating that IF, like other cytoskeletal polymers, are highly dynamic structures which require the association with motor proteins and kinases in order to fulfil their function (Chou and Goldman, 2000; Strnad et al., 2001 Strnad et al., , 2002 
The EBS mutation K14R 125 C alters the dynamic properties of the keratin cytoskeleton
From a structural point of view, it is the formation of stable, cytotoxic keratin aggregates and a decrease in the number of normal IF which cause keratinocyte and trophoblast fragility (Coulombe et al., 1991 a, b; Hesse et al., 2000) . Unlike previously assumed, in vitro assembly studies demonstrated that mutations like K14R 125 C do neither interfere with early assembly stages nor obstruct the formation of IF (Herrmann et al., 2002) . In support, Ma and coworkers pointed out that rheological properties exhibited by K5/K14R 125 C-containing polymers were largely similar to those of the polymers from normal subunits (Ma et al., 2001 ), but that mutations affect the higher order structure of filaments.
Our live cell studies offer a new and additional explanation for the mechanism by which keratin mutations lead to the EBS phenotype and revealed two different keratin fractions with distinct topology, mobility, and stability: a major mobile fraction in the cell periphery enriched in aggregates which turn over at a rapid rate and an extremely stable perinuclear array of keratin IF, which -in contrast to wt keratin filaments (Windoffer and Leube, 1999 ) -display a decreased intrinsic mobility (Fig. 4) . Until now, the formation of keratin aggregates in EBS has been regarded as a unidirectional process ending in insoluble structures. We show, that at least in cultured epithelial cells, keratin aggregates are in a continuous and rapid exchange with the soluble pool and do not represent insoluble debris.
In contrast, we show in the present study that although K14R 125 C-containing keratin filaments appeared normal at the ultrastructural level, these filaments exhibited no longer the undulating movements typical of wt filaments (Windoffer and Leube, 1999; Yoon et al., 2001 ) and displayed an unexpected stiffness. In functional studies applying osmotic stress on wt and mut cells, mut filaments displayed a higher fragility accompanied by increasing amounts of aggregates in the cytoplasm resulting in larger cell deformation. We assume that the increased rigidity of mut filaments reflects in vitro findings which show altered bundling properties of filaments built from mut subunits accompanied by a reduced capacity to withstand larger deformations (Ma et al., 2001) . Therefore, we suggest that not only mut aggregates, which are a common denominator of EBS, contribute to the phenotype, but also the altered properties of mut filaments.
The inward-directed transport of keratin particles is mediated by an actin-dependent transport mechanism
The assembly of keratin subunits into a three-dimensional cytoskeleton in cultured cells and in vivo, in contrast to MT and MF assembly, is only partly understood. Previous studies have already demonstrated the involvement of MT in the transport of keratin particles from the cell periphery inwards Leube, 1999, 2001; Yoon et al, 2001) . We suggest that the aggregate zone in our mut cells corresponds to the region in which the formation of keratin IF from precursors (Herrmann et al., 2003) takes place in epithelial cells. While the early assembly steps are known to be rapid and unaffected by the K14R 125 C mutation (Herrmann et al., 2002) , compaction of IF is slower. Live cell imaging studies revealed that the transition from keratin particles to long IF was impaired in a topologically restricted region in the cell periphery despite of the presence of wt keratins. Moving towards the cell center, the aggregates increased in size and, sometimes, were transiently connected by short keratin filaments, consistent with the notion that the aggregates undergo the same process as wt IF precursors.
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One of the most significant findings in our study is the steady flow of particles containing mut and wt keratin from the plasma membrane towards the cell center, which is strictly dependent on the cortical actin cytoskeleton but not on MT-mediated dynamic transport processes.
Following the application of latrunculin B and cytochalasin D, both formation and inwarddirected transport of keratin particles ceased instantly, suggesting that MF play a major role in these processes. As our movies revealed, there remained a residual movement of keratin aggregates for very small distances which might depend on a MT-based transport mechanism described by other studies. The importance of MF for the keratin cytoskeleton is in agreement with studies demonstrating a dramatic reorganization of keratin filaments produced by cytochalasin D treatment and association of keratin with an as yet unspecified myosin and alpha-actinin (Wolf and Mullins, 1987) , structural associations between keratin filaments and MF (Knapp et al., 1983) , or keratin filaments and both MT and MF (Celis et al., 1984) . Our data on an actin-mediated assembly and transport are in agreement with studies in Xenopus egg extracts and activated eggs which also provided direct evidence for an association between MF and keratins in vitro and in vivo, indicating that this interaction contributes to proper keratin assembly (Weber and Bement, 2002) . So, why does the mut keratin not display a MT-dependent inward transport? We suspect that the protein conformation in disease-type aggregates differs from wt precursors and, therefore, impairs the binding to MT adaptor or motor protein candidates. In this setting, actin-dependent transport mechanisms may gain a role in aggregate motility. At the margin of stationary cells, MF turn over very rapidly, recycling subunits for subsequent polymerization, which results into a retrograde flow away from the leading edge (Amann and Pollard, 2001) . Therefore, we suppose a causal connection between the high actin polymerization activity in lamellipodial protrusions (Watanabe and Mitchison, 2002) , keratin assembly in a distinct area near the plasma membrane and the subsequent actin-mediated inward transport of keratin particles beginning within few microns away from the lamellipodial tip. Whether the inward-transport is mediated by actin-dependent 21 motor proteins or whether it is a consequence of actin treadmilling as reported for actomyosin-based retrograde flow of MT in lamellipodia (Waterman-Storer and Salmon, 1997) remains to be elucidated in further studies.
The effect of a dominant-negative mutation is limited and fully reversible as demonstrated by RNAi studies
Previous studies have reported that as little as 1-2 % of mut neurofilament subunits are sufficient to disrupt the cytoskeleton (Wong and Cleveland, 1990) . We noted, however, that even 10-15 % of the K14R 125 C mut did not completely disrupt a preexisting cytoskeleton but led to a segregation of peripheral aggregates and perinuclear filaments, both containing endogenous keratins. Presumably, the aggregates contained more mut protein as the filaments, thereby forcing the endogenous proteins into aggregates. In the perinuclear region, where the concentration of polymerized endogenous wt protein was higher, substoichiometrical amounts of mut K14R 125 C integrated into the endogenous IF. This interpretation is supported by transfection of wt and mut keratin cDNAs into keratin-free preadipocytes. In this setting, the failure of mut K14R 125 C to form IF with K8 can be rescued by cotransfection of wt K18.
Thus, we conclude in agreement with similar observations in transgenic mice expressing mut K18 (Hesse et al., in preparation) and heterozygous mut K14R 131 C neo mice bearing an EBS mutation equivalent to human K14R 125 C (Cao et al., 2001 ) that the ratio of mut to wt keratin dictates whether cytolysis prevails.
Here, we demonstrate for the first time that the specific downregulation of mut keratin by siRNAs led to the reconstitution of a normal cytoskeleton. The fact, that RNAi-treated cells were completely aggregate-free and re-expressed a normal endogenous keratin cytoskeleton, confirmed our observations that the formation of aggregates in cells expressing mut K14R 125 C was dependent on the ratio wt to mut protein. We note that partially suppressed cells still expressed mut K14R 125 C which remained integrated into the endogenous keratin filaments, but failed to disrupt it. Therefore, siRNA or small molecule approaches appear suitable to revert the effect of dominant keratin mutations in EBS. It is worth noting that in a Drosophila model of Huntington´s disease, the formation of toxic protein inclusions and neurodegeneration could be reversed by the application of mimetic peptides (Kazantsev et al., 2002 ).
In conclusion, the knockdown of mut protein by RNAi provided new insights into the characteristics of the EBS K14R 125 C mutant and may offer a therapeutical approach for patients suffering from EBS. 
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